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Resonant electron-phonon coupling: Magnetopolarons in InP
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We present a theoretical analysis of recent experimental data on resonant magnetopolarons in InP. These
effects appear as strong anticrossings in Landau-level fan plots obtained from magneto-Raman profiles of the
longitudinal-optic(LO)-phonon scattering intensity vs magnetic field. We calculate renormalized Landau lev-
els using electron self-energies due tolffich electron—LO-phonon interaction, and find an analytical expres-
sion for the self-energy of the magnetopolaron quasiparticle. A Green's-function treatment leads to close
agreement with the experiment, even though we use relatively simple approximations for the self-energy. We
find that the data can only be explained when couplings between adjacent Landau levels are taken into account.
At this point our model supersedes previous theories, where resonant magnetopolarons have been approxi-
mated by two-level systempS0163-182606)04139-2

I. INTRODUCTION Recent magneto-Raman experiments on the weakly polar
semiconductor InP¢=0.11, wherex is the standard Fie
The present work is concerned with a theoretical investidich constant described in Ref. 2 have revealed additional
gation of recent experimental results on magnetopolaro@spects of resonant magnetopolaron coupling which are be-
resonances in InP which have been measured for a wid¢ond this simple picture. In that work, magnetopolaron reso-
range of energies and magnetic fields by magneto-Ramamances have been investigated over a wide range of magnetic
spectroscopy:? In this technique, fan plots of resonance en-fields up to 14 T. After subtraction of valence-band contri-
ergies vs magnetic field are obtained from the enhancemehutions and excitonic corrections which had been determined
of the LO-phonon Raman-scattering intensity which occurgreviously(see Refs. 1 and }3fan plots ofelectronLandau
when either incoming or scattered photons coincide with inStates were obtained from which the energies and anticross-
terband magneto-optical transitions between Landau level$gs of levels with indices up tdl=7 could be analyzed. It
The analysis of fan plots yields information on basic properwas found that Landau level8l) do not become pinned at
ties of the electronic structure such as effective masses aritie polaron threshold, where their intensity should rapidly
g factors, the mixing of valence-band wave functions, ordecrease due to mixing with tH&l=0,1LO) state. On the
band nonparabolicity. Furthermore it allows one to investi-contrary, they can be observed over a much wider range of
gate modifications of electronic states due to perturbationgnergies and magnetic fields, and their slopes are signifi-
such as Coulomb interactigexciton effects and electron-  cantly different than those expected from the pure pinning
phonon couplingresonant and nonresonant polajons effect. The lower branch of the stdtd) becomes the upper
Magnetopolaron resonances have been investigated bokianch of[N—1) beyond the region of resonant coupling,
theoretically and experimentally for a long time, particularly and vice versa. The simple theoretical analysis in terms of
in bulk semiconductor$:® In recent theoretical studies these two-level models cannot explain these observations. Accord-
effects have been calculated using modified Wignering to Ref. 2, this effect can be understood if a coupling
Brillouin perturbation theory®~*2In the usualnonresonant  between neighboring Landau states via their interaction with
magnetopolaron effect, Landau levels are shifted to lowethe polaron threshold state is taken into account.
energies, and the slopes of fan lines change due to mass The renormalization of Landau levels due to electron—
renormalization. Resonant anticrossings, however, appe&O-phonon interaction was calculated in Ref. 11 within
when the energies of higher levelsl) (Landau indices second-order perturbation theory. As a function of the
N=1,2, .. .) arecomparable to that of the\(=0) Landau Landau-level indeX, the total splitting at a magnetopolaron
state plus the energy of an LO-phonbm, o, denoted in the resonance for<1 was found to bé
following as [N=0,1LO). Due to electron-phonon interac-
tion, such states couple. In a simple picture of two interact- _ 2
ing levels, one obtains an energy splitting which lifts the AE(N)=2hw o a/2N)?>. (1)
degeneracy at each crossing point. As a consequence of these
magnetopolaron resonances each Landau level is split infbhis result is a generalization obtained by the application of
two branches: a lower one which is pinned to the energy ofmproved Wigner-Brillouin perturbation theory described in
the so-called polaron threshold, i.e., the energy of theRef. 10 to all Landau levels at arbitrary magnetic fields. In
[N=0,1LO)-state at high magnetic fields; and an upper onghe model of Ref. 2 the splittings given by E€L) were
which approaches the same threshold at low magnetic fieldphenomenologically introduced as off-diagonal coupling
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constants between tH&l) and |[N=0,1LO) Landau states, on(X—Xg) en(X' —X{)
. G(ks,X,X/,E):fLE . ’ (5)
and the experimental fan plots could be reproduced well. N E—En(kg) +io
In the present work we give a rigorous description of
magnetopolaron resonances on the basis of a systemaftihere 5— + 0, the Fourier transform has been taken for the
Green’s-function formalism which confirms the fundamentalcoordinatesy and z, and E is the energy parameter. This
ideas discussed in Ref. 2. We find that the peculiarities of th&reen’s function is easily transformed into a representation

fan plots just mentioned can be understood if the coupling ofn terms of Landau level§y(k;,N,N’,E) by means of
each Landau level with all the others is taken into account by

means of a systematic consideration of electron—LO-phonon ® o

interaction via the Filolich Hamiltonian. This leads to a self- Go(kg,N,N’,E)=j J @n(X—Xo) enr (X" —X0)
energy which renormalizes the Landau levels and includes e

the coupling of different states in a natural way. We obtain a X G(kz,x,x",E)dx dX, (6)

rather good agreement with the experimental cufvesen _
within a relatively simple approximation for the self-energy leading to
which can be expressed by a compact mathematical expres-
sion. Similarly, the lifetime broadening, which is important Go(ks,N,N",E) = dyn'Go(ks,N,E), (7)
especially for the higher Landau levels, is calculated vs ma%v
netic field. here
The paper is organized as follows: In Sec. I, we briefly

outline the general theoretical background of the model and Go(ks,N,E)=

. . O 3, y - .
our calculations of the self-energy. In Sec. lll, we give a E—En(ka) +ié

discussion of the results and compare them with the experi-

mental data. Some technical aspects of the theory are sur?! the other hand, the Hr!bch-interagztipn I—llam.ilton?ian in a
marized in the Appendix. completely second-quantized description is giveh’ by

®

~ ~ .+ ~.
Il. GENERAL THEORY AND CALCULATIONS Heph=_ > Colnn (A1) Bgdy, &k C)
kg N, N’
The energy levels of an electron in a simple parabolic
conduction band with the effective electron mass and a  Where
magnetic field B, described by the Landau gauge

] a2 112
A=(0Bx,0), are given by Cq=—i ZWﬁ‘Ii’qe (sst-e3h| (10)
q
£2Kk3 . o N :
En(ks) = w(N+ 1)+ = (2) gg (&) is the static(high fjequenc)/ dielectric constant;
fi vy the LO-phonon energyg the phonon wave vectoBy

A +9 . _ L . . _
where w.=eB/m*c is the cyclotron frequency, =bgt b:Q’ leth ”ji L? Phonon anmh”aUOl(lC.l'e.atI%)r) op
N=012... the Landau index, anﬁz(kl,kz,kg) the eratorsby (ba), akn (ak;\}), the electron annihilatioicre-

crystal-momentum vector. The electron—LO-phonon interac@tion operator with energf(ks); and
tion has not yet been taken into account. The wave functions

are Lo @k k) = | enlxxoa) Tonx=o(k)]
= \/%eikzy+ik3z(,0N(X—Xo), (3) Xeiqlxdx. (11)
It is well known that the phonon Green’s function is defined
where b
R 2wz
X—Xp Do(q,w)= 2_—2q+_5; 6— +0. (12)
y w a)a |

Hy
(X—Xg) = 1’Zex;{ - E(X_XO) (4
o oY 2\ vy NPLINT \/; ' The Dyson equation for the motion of an electron being
simultaneously subjected to a magnetic fi@dand to the
and y=(#.c/Be)'? is the magnetic length, arld is the nor-  electron—LO-phonon interaction is diagrammatically pre-
malization lengthx,=— y?k, and Hy(¢) are the Hermite sented in Fig. @), whereGy(ks,N,E) represents the unper-
polynomialst* In Eq. (2) the spin interaction with the mag- turbed Green’s function anill (k3,N,N,,E) the irreducible
netic field is neglected. It can be easily added in all expresself-energy. As discussed in Refs. 3 and 4, the self-energy
sions obtained by introducing the approprigtéactor® can be approximated to lowest order in the coupling constant
The T=0-K one-particle Green’s function for the electron « (due to electron—LO-phonon interactjoby the diagram
(considering just the one-electron casethe magnetic field shown in Fig. 1b). In this approximation the Dyson equation
is defined by° reduces to
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the rest of the diagram. For the matrix elemele the
Nks Nk, integral over the spatial coordinate can be performed exactly,

— - ¥ (M (NN — thus leading t&
N]_! 1/2 N! 1/2

G (kyNE) Gy (kyNE) Go(koNE}) G (kaNo.E)
2
q; _ q
xe~z LN (—l)

a)

LNNl: 2‘N17N|/2min

b)

W0, d

M (ks,N,NLE) M (k;,N,NL,E) = min[N;N,1\ 2

Go {Ky-00,N,, E-ho )

FIG. 1. (a) Dyson equation for the magnetopolaron process. X sgr[Nl—N]7—| 2 (14)
Solid lines represent the Green'’s functi@g(k;,N,E) of an elec-

tron in an external magnetic fieldb) The irreducible self-energy ] ) > 2
part M(ks,N,N,,E) in the lowest order of the electron-LO- Where sghz]=1 (1) if z>0 (z<0), q7=0g;+q3, and
phonon coupling constant. The wavy line symbolizes the unperL,'(z) are the generalized Laguerre polynomials. Consider-
turbed phonon Green’s function. ing dispersionless LO phononsv{— w o) and the Dyson

equation just folkk;=0, we are led to

02 .ql)'NlN'

G(ks,N,E)
G(O,N, E)=Gg(0,N, E)

=Go(kg,N,E)| 1+ > [Cql?Lyn,(d1.kz—02.k2)
N1 N2, x[1+ >, M(O,N,N,, E)G(O,N,, E)|.
N2

X LY Ko, ko=
NyN,(01, K2, Ko —02) (15)

XGO(kS_q31N11E_ﬁwa)G(k31N2vE) . (13)

Transforming the summation over into integrals(in the
standard way we finally obtain the following self-energy
In the general case, no self-energy part can be separated fraisee some details in the Appengix

M(OYN! N2! E):M(N! E)5NN2

Q )
L ‘5(—“’”’)2 o Nat N e2(nt )t g (2<nmm—k>)(2k>! 1
y \F= 0 we | & NT ' Ny! | 24Q22Mmim, 10 | npn—k | kI (m+K)!
2k +ij
[(2(m+k)\ 1 ([Q\™" Q
X -1) —i| = i +ij+ —[m+jl; =
2 ( 1)( ok )J![(Z iIT(m+j+ 1| —[m+]]; 5
: 1 . Q
—T(m+j+ )| 5=[m+jL 5| | Snn, (16)
2 2 2
|
with ferentN which simplifies the expressions. The self-energy of
. Eq. (16) involves a summation over all Landau levels in
Nmin=mMIN[N1; N], order to renormalize thiith state. In this way our treatment
introduces directly the above mentioned couplings between
m=|N;— N, different Landau levels.
In order to determine the renormalized energy spectrum
pl_ P for conduction electrons as well as their life-time broadening
q/ q'(p—q)!’ we need to solve the real and imaginary parts of the tran-
scendental equatiofior k;=0)
o0l E @0y b1
= |\ = 17 _ 1
Q (l)c ﬁ(l)Lo (l)Lo[ 1 2] Iﬁ(oLo ’ E_ﬁwC(N+E)+M(N1E)1 (17)

It is worth mentioning that a selection rule is obtained, for-which is done numerically by applying an iterative method.
bidding transitions between initial and final states with dif- The equations involved in this procedure are
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FIG. 2. Resonant part of the self-enenfdyO,N,E) for electrons
in InP with N=1, N;,=0, andw.=w o, and a level width of

Im E / hoo
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FIG. 3. Imaginary part of the magnetopolaron energy vs mag-
netic field in InP for the third perturbed Landau leveM=<2,
N;=0). This quantity is related to the lifetime broadening. Ener-
gies are given in units i w o, andB is expressed by the relative
cyclotron frequencyw./w g -

6=4.3 meV. The solid line represents the real part of the self- Figure 5 shows a Comparison of our theory with experi_
energy, and the dotted line the corresponding imaginary part. Enenental data from Ref. 2. The solid lines represent the renor-

gies are given in units diw, g .

N+1
2

ReE=f o, +ReM (N, ReE, ImE)
(18

IME=ImM (N, ReE, ImE).

Ill. RESULTS AND DISCUSSION

In Fig. 2 we show the reafsolid line) and imaginary
(dotted ling parts of M(N,E) as given by Eq.(16) vs

malized Landau levels calculated according to @8@). The

data pointgopen circleg obtained from interband magneto-
Raman resonancég(o~,o ")z geometry after the subtrac-
tion of valence band and exciton contributions and the en-
ergy of one LO phonon to account for their outgoing
character;>® almost coincide with these curves. Hence the
Green’s-function calculation leads, even within a relatively
simple approximation for the self-energy, to a very good
description of the experimental results. Such close agreement

ReE. The following parameters for bulk InP were used:
m*=0.07M,,?° where m, is the free-electron mass;
hwo=43 meV?! ,=12.6; £,.=9.62° and the broadening
parameter6=4.3 meV. The curves were calculated for
N=1 and N;=0 and, in the resonance region, we set
w.= w o. As can be seen from Fig. 2, resonance occurs near
ReE=15w o, Iin agreement with the expression
E/fhw o= (w:/w o)(Ni+3)+1,i.e., when for a given mag-
netic field two Landau level¢not necessarily consecutive
oneg are separated by the LO-phonon enerfgy,o. The
imaginary part oM (N,E) in Fig. 2 is related to the electron
lifetime broadening. An example of the enhancement of the
level width near resonance is shown in Fig. 3, where the
lifetime broadeningImE) vs w./w, ¢ is given for the third
perturbed Landau leveN=2, N;=0).

The fundamental result of this paper is shown in Fig. 4.
Plotting the renormalized Landau levéReE) vs magnetic
field (solid lineg, we obtain fanlike spectra with characteris-
tic anticrossings as found experimentally for the lowest po-
laron threshold in Ref. 2. The dashed lines describe the un-
perturbed system. Note that renormalization leads to a
different arrangement of Landau levels which exhibits a
staircaselike structure reflecting coupled two-level systems.

50 + N=3
4.0 -
N=2
3.0 |
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+£
—
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20
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Near resonance, the levels are no longer pinned at the po- FiG. 4. Real part of the magnetopolaron energies vs magnetic
laron threshqld, but_rather pick up the_character of adjacerteld. Energies are given in units dfw o, andB is expressed by
levels, following their course after having moved through athe relative cyclotron frequency./w . The dashed lines repre-

subsequent resonance.

sent unperturbed electron Landau levels with indides
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. meV2° For simplicity, g factors have been neglected. Inter-
band transitions, involving electron and hole states, are de-
noted byE" in the following, where the lowefuppe) num-
ber gives the holéelectron Landau index, respectively. The
pure electronic levels for N=5 and the(lowes) polaron
_ threshold state are denoted By andE®LC, respectively. In
interbandtransitions the polaron threshold is observed via
the renormalization of the electron part of t&&' fan lines.
The relevant asymptotes are thBES'°. The solid lines in
Fig. 6(a) are resonances E‘r; expected in a two-level model
if one assumes that mixing with the thresh@@°, which
is approached asymptotically by the renormalized states, re-
) T N T R duces its wave function such that it can only be observed
2 4 6 8 10 12 14 within 1 T of the crossing point. The unrenormalized states
Magnetic Field ( Tesla) are indicated by dashed lines. Let us now consider the cou-
pling of Eg with neighboring transitions shown in Fig($.

FIG. 5. Electron energy levels vs magnetic field for InP. ThEApproaching the threshold from lowehighe) energies, it
open circles correspond to experimental daRef. 2 from  first bends over towar&2“C. However, before reaching the
magneto-Raman scattering for thés—,0 ")z configuration, solid  yangition with the next lowethighed index, its curvature
lines represent theoretical calculations according to(Ed. changes again, and it follows along fan lines for which the
. . . . ... electronLandau index has been lowerédised by one unit,
with experiment can be achlevgd only When. couplings Wlthi.e., E‘S‘ (Eg). The hole index does not change at all. This
other Landau levels are taken into account in the renormal? > NS4 L o o
behavior is indicated by the solid lines in Fighf where we

ization of the states. These results also confirm the theoret “ave again assumed that the resonances can be experimen-
cally predicted dependence of the magnitude of the polaro? g P

splittings on the Landau-level index given by Ed). ally observed only withi 1 T away from the anticrossing

Figure 6 illustrates the consequences of these differenc%omrt('jalgh c;ntr:;iscta:]ct)l Fl}?iffg)énih:sr?:otr(;?:;lZae\?vafar;rcl;rzefhe
between the simple description of magnetopolaron resocPP 9 Y ymp y

: . . resonance region. This case corresponds to our experimental
nances in a two-level pictuidig. &a], and changes due to o\ oiond? Subiracting the hole Landau levels, we ob-
the more complete treatment given hedigig. 6b)] for X g '

magneto-opticalinterband transitions, which are observed ﬁg]aéﬁfgrlasenstln;:‘l?r:JCJslz)h()eSseo?freFr:g'rrr?éligg:jeirg?gbgngr?r(;;:i-
experimentally in magneto-Raman profiles. To be specific,. P

we consider the magnetopolaron resonance between '[I‘EI gffz;r;) Ilsr;]?)ilgatlrl]c?wqgﬁzl(t:(laagzlg?yilglﬁgihlli St?ealrle%)uce d
threshold and theN=5 Landau state. We use effective X y

effective mass but also the electron and hole mass separately.
masses ofn; =0.077, andmj;,=0.12m, for electrons and P y

holes, resulting in slopesie/m* of about 1.5 and
1.0 meV/T for the fan lines, respectively, amdo =43 IV. CONCLUSIONS

50 |-

E (meV)

40 |-

We have calculated magnetopolaron resonances in InP by
a Green’s-function method. Experimental fan plots obtained
from magneto-Raman profiles can be explained only when
coupling between more than two Landau levels is taken into
account. A simple two-level model is not sufficient to de-
scribe the behavior of the fan lines away from resonance,
where they are no longer pinned but take over the character
of neighboring transitions. The dependence of the magnitude
of resonant magnetopolaron splittings on the Landau level
index is experimentally confirmed.

150 ————————T———1 150
@

100

50 |-

ol

10

Magnetic Field (T) ACKNOWLEDGMENTS
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Two-level system: fan lines dig are pinned at the polaron thresh-
old E2*°. (b) Coupling between different Landau levels and the

resulting wave-function mixing significantly changes the course of APPENDIX
fan lines across resonances. Dashed lines indicate unrenormalized } ] ) .
transitions E® and E®'° denoteelectronparts of theN=5 Landau In order to obtain Eq(16), the following integrations

level and the lowest polaron threshold, respectively. See text fowere performed. From Ed13) the self-energy part can be
details. written
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Integrating ovems, Eq. (A3) reduces to
M(O,N, N2,E)=N29 |Col2Lun, (G, ko= 2. ky)
1.0

2
M(O.N, E) = %(s;l—sal)( - 2)

XL, (d1.K2, Ko —02) w¢
X Go(ks3—0q3,N;,E—fwy). Al N;! NI
| B o(ks—0s,N; wy. -) S 2NNy Nat, NE
The summation oveq in Eq. (A1) must be transformed into Ny N! " Ny!

an integral in polar coodinates. Applying Ed.4), with the
substitution yg;—q; and measuring energies in units of
fiw o in order to obtain dimensionless quantities under the
integral, we are led to

=du e—(1/2)uu\N1—N\ i 1
Xfo 2(u+Q) (TQ_ﬁ)

u 2
2 | LN N~ A4
M(O,N,NZ,E):27T2Fy(8001_801)<_%) mln[N,N]_] 2 ( )
Cc
- " dds Equation(16) can be derived using the series expansion of
X d J generalized Laguerre polynomi&ls
N21 fo L) (@B (@-Q)

2m
*
x| do L L,

fu 2_(n+m)!é 2(n—k)\(2k)! 1
(A2) Lol 2] =22 & | n—k |kt (mrko

2k i
. : — 1)/ 2(m+k)
The integral ovem is xS ( k ) ( - i (A5)
. g,sind g, cosp INi—N| i=o Ik J
fo 0| SgMN=N,] 2 72 and expressing EdA4) in terms of integrals of the forfA
q,sind g, cosg)N2=Mil o @Myl L
_ =gv1eB —
X | sgnNy—N¢] 5 +i 5 ) fo dx X+ B BV P (v)I'(1—v; Bur), (AB)
_o aL Z‘NrN‘g where|arg8|< m, Reu>0, andl'(¢) [T'(&; )] are the com-
=4T\ (7~ N.N,* (AS) . .
2 N2 plete (incompletg¢ gamma functions.
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